In humanoid robotic system, many human-body motions such as walking, running, and jumping require large power. As one effort to achieve such high power-to-weight ratio, this paper proposes a new hip design using parallel kinematic chain involving redundant actuators. The kinematics for the hip mechanism is derived and a kinematic index to measure force transmission ratio is introduced. It is demonstrated through simulation that incorporation of redundant actuator into the hip mechanism enhances the power of the mechanism approximately 4 times of the minimum actuation. And the validity of the simulation result was verified through experimental works.
Introduction
In humanoid robotic system, many human-like motions such walking, running, jumping, etc. require large power. So far, most of biped robots developed have been designed as the form of serial-type mechanism. Even though there are many advantages of using serial structure, the power-to-weight ratio is the major drawback. Therefore, it is necessary to propose an alternative design to cope with this problem.
To date, we can find a couple of alternative designs using parallel mechanisms embedded into leg structures. Morisawa, et al. (1) , (2) proposed a 3D biped robot in which each leg is composed of a 6-DOF parallel mechanism. Also, they compared a serial mechanism with parallel mechanism in biped robot (3) . Sugahara, et al. (4) introduced a biped robot with a total of 12 active linear actuators at each leg. Takita, et al. (5) proposed a linear actuator with a ball screw and a coupled drive mechanism to develop dinosaur-like biped walking robot. Their mechanism is driven by one linear actuator and a coupled drive consisting of two linear actuators to achieve 3-DOF motion of the dinosaur-like biped walking robot. Also, Sellaouti, et al. (6) also proposed a 3-DOF parallel mechanism to drive a biped robot with linear actuators. David, et al. (7) , (8) in-troduced a linear actuator, called a Series Elastic Actuator, with a ball screw to achieve a high force/mass and power/mass ratio and developed a M2 -3D bipedal walking robot with linear actuation. In this paper, we also develop a linear actuator using a ball-screw mechanism for linear motion and propose a new design of hip mechanism using parallel structure. Typically, parallel structures have many potential input locations where actuators can be placed. It has been reported that redundant actuation mode has many merits in terms of singularity avoidance, payload enhancement, and utilization of many subtasks. Special feature of this work is the utilization of redundant actuators to enhance the force transmission ratio of humanoid. For this, the kinematics for the hip mechanism and a kinematic index to measure actuator power are introduced. It is demonstrated through simulation and experimentation that incorporation of redundant actuator into the hip module enhances the power of the mechanism approximately 4 times of the minimum actuation, in terms of lifting force. The hip mechanism is developed and has been integrated into humanoid. Figure 1 shows a 3-DOF hip mechanism. The yaw motion (θ h1 ) is directly achieved by one rotary actuator, and the roll and pitch motions are achieved by the embedded actuators inside the parallel structure using two linear actuator. The hip mechanism is composed of three chains. Each of the left and right chains has one active linear joint and five passive revolute joints (upper universal joint and lower spherical joint). Also, the middle chain has two passive revolute joints in which additional, redundant actuators will be placed in the proposed design. 
Mechanism Architecture

Kinematic Modeling for Hip Mechanism
The modeling methodology integrates the Generalized Principle of D'Alembert with the method of kinematic influence coefficients (KIC) resulting in closed form vector expressions. The reader is referred to Freeman and Tesar (9) for a more detailed description of the following scheme. In the following, the letter G stands for 1st order KIC matrix, and superscribed quantities are considered and indicate dependent parameters with subscripts denoting independent parameters.
1 Open-chain kinematics
The open-chain kinematics is the relationship between the operational velocity and the joint velocity of each chain. Note that the three open-chains of the hip mechanism have a common kinematic constraint at the knee position as shown in Fig. 1 . Let the knee position be u = (x a ,y a ,z a )
T . The Jacobians of the three chains are expressed as
, where
nth revolute joint r S n : nth prismatic joint .
r S n denotes the unit vector along the nth joint axis in the rth chain, expressed in terms of the hip reference frame, r R n the origin of the nth coordinate frame with respect to the hip reference frame (X h ,Y h , Z h ), and P the position vector of the ankle position with respect to the reference frame.
2 Internal kinematics
Excluding the yaw motion of the hip module, the mobility of this mechanism is two. Thus, at least two actuators are required to control the mechanism. There are several choices in the selection of the independent joints (i.e. actuator location). An internal kinematic relationship between the dependent joints and independent joints is derived from Ref. (10) 
where
Choosing d 4L and d 4R as the independent joints (φ a ) and the other joints as the dependent joints (φ p ). Equation (1) can be rearranged as the following form
[
Now, premultiplying the inverse matrix of [ A] to both sides of Eq. (2) yieldṡ
where [G p a ] denotes the first-order KIC relationship betweenφ p andφ a .
According to the duality existing between the velocity vector and the force vector, the force relationship between the independent joints and the dependent joints is described by
When any additional actuators are attached on the joint θ h2 or θ h3 of the middle chain, the hip mechanism becomes a redundantly actuated system. In this case, the effective load referenced to the independent joints can be written by
In Eq. (9) . (11) . Also, in the experiment of lifting load, the joint of pitch motion θ h3 is redundantly actuated.
3 Forward kinematics
Since the joints ( r φ) of the rth chain is composed of some of the independent and dependent joints, rφ can be expressed in terms of the independent joints by
Thus, the forward kinematics for the common object is obtained by embedding the first-order internal KIC into one of the rth pseudo open-chain kinematic expression as follows:
where the forward Jacobian is determined by
According to Eq. (13), the force relation among the independent joints torque, the operational force and the total torque are described by
where T u denotes the operational load vector. The force relationship between T A and T u is then given by
will be used to analyze the kinematic characteristics of the redundantly actuated hip mechanism.
4 Kinematic index
Based on the effective force relationship between the operational force vector and the input force vector, the 2-norm ratio of the output load to the input load can be expressed as
where T A and T u are defined as
Based on the Rayleigh quotient, the bound of the input norm with respect to the operational load is given as
where λ min and λ max are the square root of minimum and maximum singular values of [G
T , respectively. These singular values are used in determining the bounds of the force transmission ratio. Specifically, λ max is defined as the maximum force transmission ratios for a unit operational load of T u . Smaller λ max implies that the total input power becomes smaller for the given operational load. This means that the manipulator can bear more output load with less actuator input. Thus, smaller maximum force transmission ratio is desirable. Figure 2 shows the simulation models of several actuation cases. The first model is a 2-DOF serial structure. The second model is a parallel structure employing two linear actuators, and the last model is a parallel structure involving one redundant actuator. Figure 3 shows the workspace of the hip mechanism expressed with respect to the roll and pitch angles. The maximum value of the rolling motion is 25 degrees when fixing the pitch and knee angles as zero, and the maximum value of the pitching motion is 50 degrees when fixing the roll and knee angles as zero. The motion ranges of the joints are relatively smaller than those of serially connected open-chain. Thus, the proposed hip mechanism may be inadequate to humanoid system, but can be useful in the design of some biomimetic systems resembling two or four legged animals. Takita, et al. (5) proposed a similar hip mechanism with small motion range, but it was successfully applied to the design of a Dinosaur-like Robot. Figure 4 represents the maximum force transmission ratios for these simulation examples. Figure 4 (a) is the case of a 2-DOF serial structure. This structure denotes the middle chain of Fig. 1 obtained by excluding the parallel structure. The others are the cases of proposed mechanism including the parallel structure. The result shows that the force transmission ratio of the 2-DOF serial-type structure is larger than those of the other cases. It means that a serial structure requires more power than the proposed parallel structure. Figure 4 (b) is the case of non-redundant actuation in the parallel structure. Also, Fig. 4 (c) and (d) are the cases of redundant actuation. It can be observed from the simulation results that when one redundant actuator is placed on the joint θ h2 or θ h3 , the force transmission ratios become smaller, which is good. To be specific, when one redundant actuator is placed on the joint θ h3 , the maximum force transmission ratio is one fourth of that of minimum actuation. In other words, the power of the system can be saved as one fourth of minimum actuation just by employing one additional actuator. Thus, the proposed hip mechanism involving redundant actuators in its parallel kinematic chain can be beneficially employed as a module of Humanoid or legged mechanism to increase the load carrying capacity of the system. 5. Implementation Figure 5 shows a linear actuator consisting of a ball screw and a DC motor. This module has been developed by referencing the series elastic actuator of MIT Leg Lab (7) , (8) . Figure 6 shows the prototype of the hip module for humanoid. Two linear actuators and one rotary actuator drive a 2 DOF hip module. Figure 7 shows the biped robot employing the proposed parallel mechanism. Each leg has six linear actuators. The first and third chains of the hip module have universal and spherical joint at the upper and the lower part of the chain, respectively. And, the second chain has two revolute joints with encoders and redundant actuators integrated to them. For more powerful action, the knee module is driven by dual linear actuators. Also, the ankle module is denoted using parallel structure driven linear actuators. 
Simulation Work
Experimentation
Experimental work will be performed in this section to compare the performances of the three cases in terms of maximum lifting force. We use the aluminum and steel blocks as the weight. The weight of aluminum block is 100 g and that of steel is 400 g. Figure 8 shows the lifting experiment. The first case is for the 2-DOF serial structure. When stacking the aluminum block at the knee one by one, the maximum lifting angle is found as 30 degrees. We set this angle as the reference angle. The second and third cases are for non-redundant actuation and redundant actuation, respectively. According to experimental results, the case of non-redundant actuation could lift only four blocks, while the case of redundant experiment could support 12 blocks until the mechanism is being lifted up to 30 degrees.
In Fig. 9 , the left line is the case of 2-DOF serial structure, the middle line is the case of non-redundantly actuated parallel structure, and the right line is the case of redundantly actuated parallel structure. The vertical lines imply the limits of payload, which is capable of lifting the weight up to 30 degree. This result shows that the payload of the parallel structure becomes 8 times of 2-DOF serial structure, and the payload of redundantly actuated case is roughly 3 times superior to the minimum actuation case of parallel structure. This value is a little bit smaller than that of the simulation result. This is due to the weight of the parallel linkage and additional actuator. However, the result is still appealing in the sense that one additional actuator increases the payload three times in the parallel structure and twenty four times, compared to the serial structure.
Conclusions
In this paper, we propose a hip mechanism employing parallel structure. As a special feature, redundant actuators are incorporated into the parallel structure to enhance the force transmission capability. It is shown through simulation that the parallel structure exhibits improved force transmission characteristic as compared to the serial structure and that the force transmission performance of the redundantly actuated case in parallel structure is 4 times superior to the original minimum actuation. The developed hip mechanism has been implemented to a small size biped robot. The result of this paper provides a profound foundation in design of new humanoid system. Future work is the implementation of redundant actuation to full body humanoid model to enhance overall payload and dynamic performances such as high velocity and acceleration, in the full-scale humanoid system.
